I. INTRODUCTION
A. Background T HE soil moisture is an important hydrological state variable which plays a key role in understanding the land surface water and energy budgets [1] - [5] . As the second largest inland river basin in China [6] - [8] , the Heihe River Basin (HRB) is located in the northwest of China, the water scarcity [9] - [12] is an obstacle to the social development of the region. The upstream district of the HRB is one of the major pastoral areas of Qinghai Province. The mid-reaches district of the HRB, in which the Zhangye oasis is located, is an important area for food production and a zone for demonstrating High-tech Agriculture [13] . Since the annual rainfall of this district is less than 200 mm, most of the crop water requirements are supplied by irrigation from the Heihe River. Therefore, it is of major significance to understand the behavior of soil moisture in the HRB and to estimate the soil moisture variability in the district.
The thermal inertia method has been shown to be a promising approach [14] for land surface soil moisture retrieval from the early 1970's [15] - [19] . Many studies have been conducted to develop the model to obtain thermal inertia from remotely sensed data. Watson et al. (1971; 1974) [15] , [16] developed a thermal inertia model for geological mapping using infrared data. Kahle et al. (1976) [20] obtained the first thermal inertia image using visible and infrared data, then Kahle (1977) [18] improved the early thermal inertia models using the finite difference technique. Price (1983; 1985) [21] , [22] introduced the so-called apparent thermal inertia (ATI) model. Because the ATI model estimates the relative value of the real thermal inertia (RTI) and also because of its simplicity, the ATI model is often used instead of RTI model. Although the ATI presents the relative value of thermal inertia, it cannot be a full substitute for the real thermal inertia and it does not meet the requirements of precise soil moisture retrieval [23] , [24] , especially for agricultural landscapes [22] .
A large number of soil thermal inertia-soil moisture (STI-SM) relationship models were developed [25] , [26] . Pratt & Ellyett (1979) [27] calculated soil thermal inertia using the model of soil thermal conductivity and volumetric heat capacity by de Vries (1963) [28] . Price (1980) [29] extended his previous work (1977) [19] and estimated soil moisture using an empirical linear equation, but the equation parameters were valid only for the soil studied. Ma & Xue (1990) [30] reported a relationship between the soil thermal inertia and the water content (denoted MX model hereafter). Murray & Verhoef (2007) [31] adopted the concept of normalized thermal conductivity [32] , [33] and developed amore mechanistic model to estimate the soil thermal inertia (MV model hereafter). Sen Lu (2009) [14] proposed a new model (denoted Lu model hereafter), which expresses the soil thermal inertia as a function of water content, based on the MV model and Sen Lu (2007) [34] .
B. Objectives
Some questions will be explored in this paper: (1) which thermal inertia model is more suitable for soil moisture retrieval in the HRB, the RTI model or the ATI model? (2) how the thermal inertia and soil moisture vary as the seasons progresses?
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The objectives of this paper are to address these questions; those are, (1) to obtain the formula of the ATI and RTI models from the heat conduction equation; (2) to compare the advantages of the ATI and the RTI models in soil moisture retrieval; (3) to analyze temporal-spatial variations of the soil thermal inertia and soil moisture in the HRB.
Firstly, the RTI model used in this analysis is obtained from the heat conduction equation and explained briefly in Section II-A. Secondly, the Lu model is introduced in Section II-B to relate the soil moisture to the thermal inertia. In Section III, The automatic weather station (AWS) data, the soil texture data and the MODIS products are described. Results are analyzed in Section IV and the conclusions and discussions of this paper are given in Section V.
II. MODELS AND METHODS

A. Real Thermal Inertia Model
Soil thermal inertia, describes the impedance of soil to temperature variations [35] , which has a strong positive correlation with soil moisture. It is defined as follows: (1) where , , represent the soil thermal conductivity, soil density, specific heat, respectively. The thermal inertia of soil cannot be measured by a remote sensing technique directly, and hence a remotely sensed thermal inertia model is required for estimating thermal inertia [36] , [37] .
To establish the remotely sensed thermal inertia model, the heat conduction equation must be solved. One dimensional heat conduction equation is formulated by: (2) where (K) is the soil temperature, (s) is the time, (m) is the soil depth (positive downward).A simple sinusoidal solution of (2) under the boundary conditions,
can be written as: (4) where is mean temperature, is amplitude of temperature variation at the soil surface. Here, is called the damping depth and is related to the thermal properties of soil and is the angular frequency and is the time period of one cycle (s). As we are interested in the diurnal variation of soil temperature, It can be assumed that during the course of a day, approximately the same amount of heat flows into the ground through the soil surface during a half day and flows out of the ground during another half of the day. We can calculate as follows: (5) It is seen that the thermal inertia is a measure of the response of a material to temperature changes. In general, materials with high thermal inertia have more uniform surface temperature throughout the day and night than materials of low thermal inertia.
The energy budget at the soil surface can be expressed as: (6) where is the shortwave albedo and is the solar constant; is the transmissivity of the atmosphere ( in this paper); is the zenith angle of the sun; is the emissivity of the surface; is the downward long wave radiation and is the upward long wave radiation; is the upward sensible heat flux and is the upward latent heat flux. Pratt et al. (1980) [38] proposed a simplified expression of the budget equation as follows. (7) where and are parameters related to the conditions above and below the soil surface.
Here we define a new function as;
Hence from (7) we obtain:
Since is a periodic function of angular frequency if cos can be approximated by ,where is a kind of Fourier transform coefficient and obtained as (10) then (7) can be integrated to be (Carlaw, 1959) [39] (11) Therefore, if daily maximum temperature occurs at , and daily minimum temperature occurs at ; and since and , it can be obtained from (12) where . The left hand side of (12) is called the apparent thermal inertia (ATI).
Setting (13) Solving (13) for , we have (14) where parameter was introduced in (7) as an empirical constant ( , for water body); and parameter , and will be calculated in Section II-C.
B. Soil Thermal Inertia-Soil Moisture Model
The high positive correlation between the soil thermal inertia and the soil moisture indicates that the soil moisture can be estimated from the soil thermal inertia [40] - [43] . However, so far, there is no general physical-based model to depict the relationship between the soil thermal inertia and the soil moisture. Lu (2009) [14] proposed a general method for soil moisture estimation from thermal inertia. In this method, the soil thermal inertia is assumed to be expressed by: (15) where and represent the thermal inertia corresponding to dry and saturated soil conditions, respectively.
is the Kersten function [32] - [34] , [44] .Hereafter are expressed in can be calculated from the soil porosity according to the following empirical equation [14] , [31] : (16) However, depends largely upon the soil moisture, soil texture and soil bulk density, so it can be calculated by: (17) where and are the soil heat conductivity and soil volumetric heat capacity corresponding to saturated soil conditions, respectively. They can be computed by the following equations:
where and are the conductivity of quartz and water, respectively, and is conductivity of other mineral except for quartz. The quartz content of total solids is taken as the [31] , [45] and is taken as 2.0 for soils with , and 3.0 for soils with [32] , and are the soil bulk density and water density, respectively, ( , in accordance with Ren et al. (2003) [46] ) and represent the specific heat of soil solids and water, respectively.
According to the soil shrinkage curve model [47] , the function can be expressed by: (20) where is the saturation degree of soil moisture, and are the two parameters controlling function shapes and they can be determined by the sand content of soil as shown in Table I .
By inserting in (20) , and rearranging, the soil moisture is expressed as: (21) where is the soil water content and is the soil porosity.
C. Calculation and Verification Methods
As has been described in (12) , the shortwave albedo and the maximum temperature difference are two key parameters of the real thermal inertia model. They should be calculated correctly.
Liang (2001) [48] developed the narrowband to broadband albedo conversion formulae for a series of sensors based on extensive radiative transfer simulations. Their formula to calculate the shortwave albedo based on the MODIS reflectance is: (22) where ( , 2, 3, 4, 5, 7) represent the reflectance of different MODIS spectral bands. Liang et al. (2003) [49] validated this formula and found an RSE of 0.018 and of 0.855. The temperature difference, can be directly derived from thermal infrared observations. In this paper, MODIS land surface temperatures were used to compute [50] : (23) where, and represent the land surface temperature at time and at which the satellites passed, respectively. is the function of geographic latitude and solar declination , formulated as: (24) describes the amplitude of variation in net solar radiation which land surface receives during the course of a day. It can be computed from (10) , in which the cosine function of solar zenith angle, cosZ is expressed by: (25) The definition of the thermal inertia was used to verify the performance of the real thermal inertia model. First of all, the soil conductivity and soil volumetric heat capacity were estimated from (26) [14] , [28] and (27) [51], [52] using the AWS data and soil texture data: (26) (27) where is the soil heat flux measured at 5 cm depth (positive downward); is the measured land surface soil moisture; the gradient of soil temperature was replaced by the average gradient between the surface and 10 cm depth. The later was measured directly and the former was calculated by [53] , [54] : (28) where the surface emissivity was assumed to be 0.95 for bare soil surfaces and 0.98 for vegetated surfaces, and the StefanBoltzmann constant . Combining (1) with (26) and (27), we can get the soil thermal inertia at the AWS with which the remotely sensed retrieved soil thermal inertia can be verified. The remotely sensed soil moisture can be verified by comparing to the soil moisture measured at the stations.
III. DATA DESCRIPTIONS
In this paper, three types of data, the MODIS data, the AWS data and the soil property data, were used. MODIS land surface temperature (M*D11A2) and MODIS Land Surface Reflectance (M*D09A1) products were used to drive the real thermal inertia model.
During the period of Water Allied Telemetry Experimental Research (WATER) [6] , more than ten key stations were operated in the up and middle stream districts of the HRB for the ground data collection. Three of the automatic weather stations were selected in this paper as the typical ground surface types. These stations are Arou freeze/thaw observation station (Arou), (located in 38.05 N, 100.45 E, grassland surface with loam soil), Yingke oasis station (YK), (located in 38.86 N, 100.41 E, cropland surface with clay loam soil) and Huazhaizi desert station (HZZ), (located in 38.77 N, 100.31 E, desert steppe surface with sand soil). The observation parameters are the net radiation, the soil heat flux (5,15 cm), the soil moisture (10,20 cm),and the soil temperature (10,20 cm). The sensors and sampling frequency were described elsewhere [6] . All the data were collected, analyzed, and quality-examined and published by the Environmental and Ecological Science Data Centre for West China (EESDWC) [55] , [56] .
In addition, the Harmonized World Soil Database (vision 1.1 published by FAO and IIASA at March 26th, 2009) soil texture dataset of the HRB was used for operating the Soil Thermal Inertia-Soil Moisture model.
IV. RESULTS AND DISCUSSION
A. Comparison of ATI and RTI
Price (1985) [22] pointed out that the ATI was potentially misleading in agricultural areas and it should not be used in regions having variability in surface moisture. In order to confirm this conclusion, the soil moisture data observed at Yingke station were selected to make a comparison between the ATI and RTI. Fig. 1 shows the scatter plots for the soil moisture and the ATI, and for the RTI. The correlation coefficient for the former was 0.733 and that for the latter was 0.860. This result illustrates that RTI is better than ATI for the soil moisture retrieval in agricultural areas. Fig. 2 depicts the correlation between the thermal inertia retrieved and the ground truth. The information from the figure indicates that the correlation between the values retrieved and measured at Arou station ( Fig. 2(a) ) was the highest and that at Yingke (Fig. 2(c) ) station was the lowest. The cause of higher dispersion at Yingke station is probably abrupt changes in soil moisture in the farmland due to irrigation. However, the correlation coefficients at the three stations were larger than 0.6, which suggests that the RTI method meets the requirement of soil moisture estimation in HRB. Fig. 3 shows abrupt changes in soil thermal inertia throughout HRB. As regards seasonal change, soil was much wetter in summer and autumn than in winter and spring, which caused higher soil thermal inertia in summer than in winter. With respect to local change, the variation of soil thermal inertia at Arou (Fig. 3(a) ) and HZZ ( Fig. 3(b) ) was smaller than Yingke ( Fig. 3(c) ) because the land surface type of Yingke is farmland where soil moisture and cover type vary strikingly. Furthermore, farmland was irrigated during the crop growing season, which induced large changes in the soil moisture and hence soil thermal inertia. In addition to the significant seasonal variations, the soil thermal inertia varies strikingly in space. As can be observed in Fig. 4 , the soil thermal inertia in the HRB shows the pattern of high values in the up and middle stream districts and low values in the downstream district. Fig. 4(a) is the spatial distribution of the soil thermal inertia on April 4th, 2008. From the figure, it can be seen that the value of the soil thermal inertia at the upstream district and middle stream district ranged from 800 to 2000 , which were larger than that at the downstream district where the values were 400-900
B. Spatial-Temporal Characteristics of Soil Thermal Inertia
. There are several possible reasons for these distribution characteristics: 1) higher precipitation in the upstream district results in the wetter soils, 2) permafrost in the up steam district thaws in spring, 3) uneven distribution of rocks with larger thermal inertia. Comparing Fig. 4(a) to Fig. 4(b) , we see that the soil thermal inertia in mid-May increased extremely in the mid-stream and downstream districts due to the irrigation of oasis farmland during the period of crop emergence at early in May. Fig. 4(c) and Fig. 4(d) shows the soil thermal inertia at early in July and the end of August, respectively, when the soil thermal inertia in the downstream showed a significant decrease. The reason for this decrease seems to be the intensive solar radiation and high temperature in summer. Although, summer is the rainy season in these districts, rainfall cannot compensate the large amount of evaporation which causes a serious decrease in the soil moisture. for Arou, HZZ and Yingke, respectively. The soil moisture at Arou station is influenced by freezing/thawing processes and at Yingke was influenced by the irrigation. Soil salinization influenced the observation precision of Time Domain Reflectometer (TDR) at HZZ station, which resulted in the mismatching between the soil moisture value retrieved and observed. Fig. 6(a) shows the spatial distribution of the soil moisture in the HRB early in June of 2008. As regards the distribution of the soil moisture, soil was much wetter in upstream and mid-stream than in downstream. By comparing Fig. 6(a) and Fig. 6(b) , it is not difficult to find that the soil became drier during the period from early in June to the end of July. This significant difference results from decreased soil water due to evaporation. Additionally, a large amount of water in Heihe River was consumed as irrigation water and diverted to the oases in mid-stream district, resulting in the water shortage to the downstream district. Fig. 6(c) and Fig. 6(d) respectively show the soil moisture at end of the September and mid-October. On the whole, the soil moisture is larger in the upstream and mid-stream districts than that in the downstream.
C. Spatial-Temporal Characteristic of Soil Moisture
V. CONCLUSIONS
The soil moisture distribution in the HRB was retrieved on the basis of remotely sensed soil thermal inertia. In this process, the soil texture and bulk density were used as the auxiliary data to operate the soil thermal inertia-soil moisture model. The retrieved results were validated against observations and the following conclusions were obtained:
A. By comparison of the performance of the ATI and RTI models in soil moisture estimation at Yingke station, the RTI model was more reliable than the ATI model to retrieve the soil moisture in the agricultural area. The RTI model was selected to retrieve the soil thermal inertia and it was convinced to give reasonable results. The coefficient of the correlation between the soil thermal inertia retrieved by remote sense and the measurements was larger than 0.6. B. A physically-based soil thermal inertia-soil moisture model was shown to be effective to estimate soil moisture. The root mean square error of soil moisture retrieval was less 0.072 . C. The spatial-temporal analysis of the soil thermal inertia and soil moisture indicated the strong heterogeneity in the HRB due to natural complexity of the environment. Although a few conclusions were drawn from this work, there are some deficiencies in this study. The retrieved soil thermal inertia and soil moisture values were not fully consistent with the observed ones. By analyzing both data and the methods, we can find the following reasons: i) no discrimination between bare soil and vegetated surfaces, the research region in this paper is covered by bare soil, grassland, forests, cropland, snow, and so on. So it is of significance to distinguish different land cover types. ii) Limitations of pixel scale values being validated by site observations, when we validate the retrieved values which represents a pixel scale of one square kilometers using station observations which represents point scale of less than one square meter, the scale effect cannot be ignored. To overcome the shortcoming above, a more profound work needs to be done in the future. A proposed future work could be as follows: First, physically-based thermal inertia model considering vegetated and bare soil separately should be conducted to improve the performance of soil moisture estimation in vegetated regions. Second, estimate the reflectance of brightness temperature of soil and vegetation by radiative transfer model and combine them with remotely sensed observation. Then construct a cost function and minimized it. That is, using the idea of data assimilation to promote the precision of soil moisture estimation.
